Urbieta-Caceres VH, Lavi R, Zhu XY, Crane JA, Textor SC, Lerman A, Lerman LO. Early atherosclerosis aggravates the effect of renal artery stenosis on the swine kidney. Am J Physiol Renal Physiol 299: F135-F140, 2010. First published May 12, 2010 doi:10.1152/ajprenal.00159.2010.-Atherosclerotic renal artery stenosis (ARAS) is increasingly identified in patients with end-stage renal disease. Renal function in ARAS patients deteriorates more frequently than in nonatherosclerotic renal artery stenosis (RAS). This study was designed to test the hypothesis that atherosclerosis modifies the relationship between single-kidney hemodynamics and function and the severity of stenosis. The degree of unilateral RAS in domestic pigs (4 normal, 26 RAS, and 22 ARAS) was correlated with renal function and hemodynamics evaluated by 64-slice multidetector computerized tomography before and after endothelium-dependent challenge with ACh. The degree of stenosis and increase in mean arterial pressure were similar in RAS and ARAS. Stenotic single-kidney volume, blood flow, glomerular filtration rate, and cortical perfusion were lower than normal in both RAS and ARAS, but only in RAS correlated inversely with increasing degree of stenosis (r ϭ Ϫ0.62, r ϭ Ϫ0.49, r ϭ Ϫ0.51, and r ϭ Ϫ0.46, respectively, P Ͻ 0.05 for all). Basal tubular fluid concentration capacity and stenotic cortical perfusion response to ACh were both blunted only in ARAS. This study shows that atherosclerosis modulates the impact of a stenosis in the renal artery on stenotic kidney hemodynamics, function, and tubular dynamics. These observations underscore the direct intrarenal effect of atherogenic factors on the kidneys. renovascular hypertension; multidetector CT ATHEROSCLEROTIC RENAL ARTERY stenosis (ARAS) is a common manifestation of generalized atherosclerosis and is the predominant renal arterial lesion in patients over 50 years old (9). ARAS is present in up to 50% of those with atherosclerotic disease elsewhere (10). Moreover, ARAS is an independent risk factor for aggravation of cardiovascular disease (8) and may lead to renovascular hypertension and ischemic nephropathy.
Renal function in ARAS patients deteriorates more frequently than in nonatherosclerotic renal artery stenosis (RAS). This study was designed to test the hypothesis that atherosclerosis modifies the relationship between single-kidney hemodynamics and function and the severity of stenosis. The degree of unilateral RAS in domestic pigs (4 normal, 26 RAS, and 22 ARAS) was correlated with renal function and hemodynamics evaluated by 64-slice multidetector computerized tomography before and after endothelium-dependent challenge with ACh. The degree of stenosis and increase in mean arterial pressure were similar in RAS and ARAS. Stenotic single-kidney volume, blood flow, glomerular filtration rate, and cortical perfusion were lower than normal in both RAS and ARAS, but only in RAS correlated inversely with increasing degree of stenosis (r ϭ Ϫ0.62, r ϭ Ϫ0.49, r ϭ Ϫ0.51, and r ϭ Ϫ0.46, respectively, P Ͻ 0.05 for all). Basal tubular fluid concentration capacity and stenotic cortical perfusion response to ACh were both blunted only in ARAS. This study shows that atherosclerosis modulates the impact of a stenosis in the renal artery on stenotic kidney hemodynamics, function, and tubular dynamics. These observations underscore the direct intrarenal effect of atherogenic factors on the kidneys. renovascular hypertension; multidetector CT ATHEROSCLEROTIC RENAL ARTERY stenosis (ARAS) is a common manifestation of generalized atherosclerosis and is the predominant renal arterial lesion in patients over 50 years old (9) . ARAS is present in up to 50% of those with atherosclerotic disease elsewhere (10) . Moreover, ARAS is an independent risk factor for aggravation of cardiovascular disease (8) and may lead to renovascular hypertension and ischemic nephropathy.
While the severity of parenchymal damage in the ischemic ARAS kidney is an important prognostic factor for renal function (24) , the degree of the stenosis does not necessarily predict renal hemodynamics and function distal to renal artery stenosis (RAS) (13, 20) . It is recognized that high-grade atherosclerotic lesions in the renal artery may decrease renal perfusion and impair renal function. Therefore, therapeutic strategies have focused on restoring renal blood supply. However, improvement in blood pressure control or recovery of renal function after renal revascularization are achieved only in selected ARAS patients (22, 23) , whereas repair of renal arterial lesions uncomplicated by atherosclerosis often achieves better outcomes (14) . These observations suggest that deleterious factors beyond the stenosis, probably triggered by the atherogenic process, play dominant roles in compromising the function and recovery of the ischemic kidney in ARAS.
Endothelial dysfunction occurs early in the process of atherogenesis and has been shown to be associated with adverse cardiovascular outcomes (21) . The residual glomerular filtration function of the kidney before revascularization is an important determinant of its recovery potential (17, 19) . Similarly, it is likely that vascular function in the kidney also reflects the severity of microvascular disease, a hallmark of atherosclerosis.
We have previously shown in a swine model of ARAS, achieved by superimposing hypercholesterolemia on RAS, that both RAS and ARAS induce a reduction in renal blood flow (RBF) and glomerular filtration rate (GFR) of the ischemic kidney (1, 4) . Furthermore, ARAS impaired tubular function, reflected in decreased intratubular fluid concentration (ITC) of the stenotic kidney. Compared with RAS, the ARAS kidney exhibits greater fibrosis, which is accompanied by and probably driven by increased oxidative stress and tissue injury (1) . However, whether the severity of stenosis imposed a greater burden on renal and microvascular function and reactivity in the presence of atherosclerosis remains unclear.
Therefore, this study was designed to test the hypothesis that atherosclerosis modulates the relationships between the hemodynamics and function of ARAS kidneys and the degree of stenosis in the main renal artery. To test this hypothesis, we compared in a swine model of unilateral RAS and ARAS the relationship between the degree of stenosis and severity of individual kidney hemodynamics, function, and tubular functions.
MATERIALS AND METHODS
This study was approved by the Institutional Animal Care and Use Committee. Fifty-four female domestic pigs (40 -65 kg) were studied in vivo after 10 wk of observation (normal, n ϭ 4), unilateral RAS and normal pig chow feeding (n ϭ 28), or unilateral RAS fed an atherogenic high-cholesterol diet (ARAS, n ϭ 24). The high-cholesterol diet included 2% cholesterol and 15% lard by weight (TD93296; Harlan Teklad, Madison, WI). After 4 wk of corresponding diet, RAS was induced by placing a local-irritant coil in the main renal artery of the RAS and ARAS pigs. We have previously shown that this approach led to development of unilateral RAS within several days (1, 12) . For this purpose, the animals were anesthetized with intramuscular ketamine (20 mg/kg) and xylazine (2 mg/kg), intubated, and ventilated. Anesthesia was maintained with ketamine (0.2 mg·kg Ϫ1 ·min Ϫ1 ) and xylazine (0.03 mg·kg Ϫ1 ·min Ϫ1 ). An intravenous bolus of heparin (5,000 units) was followed by continuous infusion (1,000 U/h). A telemetry catheter was then secured in the femoral artery for monitoring daily mean arterial pressure (MAP) (5), subsequently averaged from 2 wk before in vivo studies. Later (6 wk), the degree of stenosis was assessed by renal angiography (1) , and all pigs were studied using a 64-slice multidetector computerized tomography (MDCT, SOMATOM Definition 64; Siemens, Forcheim, Germany) to assess single-kidney hemodynamics and function and tubular dynamics of the stenotic kidneys before and after administration of ACh. The presence of visually appreciable collateral vessels was also determined.
MDCT scanning. After angiography, in vivo MDCT flow studies were performed for assessment of basal regional renal perfusion, RBF, GFR, and tubular ITC, as previously detailed (7, 11) . Briefly, this involved sequential acquisition of 140 consecutive scans after a central venous injection of iopamidol (0.5 ml·kg Ϫ1 ·2 s Ϫ1 ), which were repeated during suprarenal infusion of the vasodilator and diuretic ACh (5 g·kg Ϫ1 ·min Ϫ1 ), to test endothelium-dependent responses and tubular function. A renal volume study was then performed in the spiral mode (7).
Images from the flow and volume studies were reconstructed, and time-attenuation curves were obtained from the aorta, bilateral renal cortex, and medulla. The parameters obtained from each regional curve were used to calculate cortical and medullary perfusion, ITC, and tubular fluid mean transit time (MTT) (11) along the nephron (proximal tubule, Henle's loop, and distal tubule), and normalized GFR (ml·min Ϫ1 ·cm Ϫ3 tissue) (3, 7). Single kidney volume, RBF (ml/min), GFR (ml/min), and renal vascular resistance (RVR) were subsequently calculated as previously described (1, 4).
Histology. After completion of all in vivo studies (3 days), animals were killed with IV Sleepaway (100 mg/kg iv; Fort Dodge Laboratories). The kidneys were harvested and prepared for histology. For fibrosis and microvascular remodeling (media-to-lumen ratio), kidney samples were embedded in paraffin, and 5-m-thick sections were stained with trichrome and ␣-smooth muscle actin (DakoCytomation) and analyzed using a computer-aided image analysis program (MetaMorph; Molecular Devices, Sunnyvale, CA).
Statistical analysis. Results are expressed as means Ϯ SE. Comparisons within and between groups were performed with ANOVA or paired and unpaired Student's t-tests, with the Bonferroni correction. Least-square regression was used to assess the relationship between renal angiography and renal function. Multiple-variable linear regression analysis was done to assess differences between groups' correlations. Statistical significance was accepted if P Յ 0.05.
RESULTS
Animals developing total occlusion with collaterals vessels (2 RAS, 2 ARAS) were excluded from the study. The remaining RAS (n ϭ 26) and ARAS (n ϭ 22) pigs developed an increase in MAP compared with normal by the day of the in vivo study (Table 1 ). The degree of stenosis determined by renal angiography was similar in both groups, and the increase in PRA did not reach statistical significance in either group. As per protocol design, cholesterol levels were higher in ARAS compared with normal and RAS (Table 1) .
Hemodynamics and function and tubular dynamics of the stenotic kidney. Stenotic kidney RBF, GFR, and cortical perfusion were all lower in RAS and ARAS compared with normal (Table 1 and Fig. 1 ), confirming hemodynamically significant stenoses. Furthermore, renal volume was smaller in ARAS than in RAS (P ϭ 0.03), and both were smaller than normal (Table 1) . Moreover, only in ARAS medullary perfusion was lower than normal (Table 1 and Fig. 1 ). Vascular MTT in the cortex was slightly but not significantly increased in RAS kidneys compared with normal (9.1 Ϯ 0.6 and 8.52 Ϯ 0.2 s, respectively, P ϭ 0.2) but prolonged in ARAS compared with normal (10.1 Ϯ 0.5 s, P ϭ 0.036 vs. normal). Basal ITC in RAS was slightly but not significantly higher compared with normal in the proximal tubule. In contrast, in ARAS, distal tubule ITC was significantly lower than normal and RAS (Table 1) , suggesting decreased fluid reabsorption. In addition, tubular fluid MTT were prolonged along the nephron (proximal, Henle's, and distal tubules) in ARAS (39 Ϯ 1, 67 Ϯ 2, and 111 Ϯ 2 s, respectively,) compared with normal (34 Ϯ 2, 59 Ϯ 4, and 101 Ϯ 6 s, respectively, P Ͻ 0.05 for all), but in RAS tubular MTT (43 Ϯ 1, 77 Ϯ 2, and 118 Ϯ 3 s, respectively, P Ͻ 0.01 vs. normal, P Ͻ 0.05 vs. ARAS) were increased compared with both normal and ARAS, indicating slower fluid transit in RAS.
ACh infusion increased RBF, GFR, and medullary perfusion in all three groups, but the GFR response that was not different in RAS compared with normal (19.6 Ϯ 5 vs. 33.2 Ϯ 3.1%, respectively, P ϭ 0.08) was attenuated in ARAS (13.3 Ϯ 5.6%, P Ͻ 0.05 vs. normal). Cortical perfusion significantly and similarly increased in response to ACh in normal and RAS, but in ARAS it did not increase and remained lower than normal (Fig. 1) , suggesting a slightly exacerbated cortical microvascular endothelial dysfunction in ARAS. Basal RVR was elevated in both RAS and ARAS compared with normal. During ACh infusion, RVR remained higher than normal in both RAS and ARAS, but in ARAS RVR did not decrease compared with baseline ( Table 1 ). The diuretic ACh also induced a significant decrease in ITC along the nephron in normal and RAS pigs, Relationship between stenotic kidney function and the degree of stenosis. RAS renal volume, cortical and medullary perfusion, RBF, and GFR declined with increasing degree of stenosis (Fig. 2) . In ARAS, only RBF modestly correlated with the degree of stenosis in the renal artery. In contrast, neither kidney volume nor GFR, cortical, or medullary perfusion in ARAS correlated with the degree of stenosis (Fig. 2) , suggesting that factors other than the stenosis were also involved in the renal parenchymal damage in ARAS.
Basal ITC in the proximal tubule of RAS correlated directly with the severity of the stenosis (r ϭ 0.54, P ϭ 0.006), but in ARAS ITC tended to correlate inversely with the severity of stenosis in the proximal (r ϭ Ϫ0.44, P ϭ 0.06) and distal (r ϭ Ϫ0.39, P ϭ 0.09) tubules. Furthermore, in RAS kidneys, proximal and distal tubular fluid MTT significantly and directly correlated with the severity of the stenosis (r ϭ 0.50, P ϭ 0.008 and r ϭ 0.52, P ϭ 0.007, respectively), suggesting slower cortical tubular flow with increasing degree of stenosis, whereas in ARAS no such correlation was observed (r ϭ Ϫ0.16, P ϭ 0.60 and r ϭ Ϫ0.30, P ϭ 0.2, respectively).
Multiple-variable linear regression analysis did not detect significant differences in the correlations between RAS and ARAS.
Renal tissue. Trichrome staining showed more extensive regions of interstitial fibrosis in the stenotic ARAS kidneys compared with normal and RAS (Fig. 3) . Of note, for both RAS and ARAS stenotic kidneys, the degree of renal fibrosis correlated inversely with GFR and RBF (Fig. 3) , suggesting that fibrosis contributes to the impairment in renal hemodynamics and function in the stenotic kidney.
The microvascular media/lumen was similarly increased in the stenotic kidney in RAS and ARAS compared with normal (Fig. 3) . No significant correlations were observed between media/lumen and renal hemodynamics and function.
DISCUSSION
Powerful tomographic imaging tools such as MDCT, which provide measurements of individual kidney cortical and medullary blood flow, volume, and tubular dynamics, allow precise assessment of single-kidney hemodynamics as a function of the severity of stenosis. Our results demonstrated that coexisting atherosclerosis induced greater kidney volume reduction, significantly more tubular impairment, and slightly greater vascular dysfunction in the stenotic ARAS kidney compared with nonatherosclerotic RAS. Therefore, our study suggests that the main impact of atherosclerosis on the stenotic kidney manifests in tubular dysfunction and interstitial fibrosis, which exceed its effect on the renal vascular or glomerular compartments.
ARAS is being increasingly identified in patients with endstage renal disease (15) , and clinical studies demonstrate unfavorable outcomes in ARAS compared with other causes of RAS (18) , implying that mechanisms beyond the stenosis contribute to the deleterious effect of hypoperfusion on the kidneys and augment renal damage. Atherosclerosis might interact with renal hypoperfusion imposed by the stenosis via several shared pathophysiological pathways to cause vascular injury and renal dysfunction. We had previously shown that ARAS aggravates oxidative stress, inflammation, and fibrosis in the stenotic kidney compared with RAS alone (1, 2) . These mechanisms may impair basal or stimulated vascular and tubular function and intensify renal injury in ARAS compared with RAS.
The current study showed that RBF, GFR, and cortical perfusion were similarly decreased in ARAS and RAS. On the other hand, medullary perfusion declined only in ARAS compared with normal. This might exacerbate medullary ischemia and contribute to the unfavorable outcomes observed in ARAS (1) because the renal medulla is particularly vulnerable to hypoperfusion and ischemia (6) . ARAS kidney volume was also smaller than normal and RAS, possibly reflecting renal shrinkage as is manifested in exacerbated fibrosis in ARAS kidneys. Interestingly, we observed that, in ARAS, only RBF modestly correlated while stenotic single-kidney GFR, volume, cortical, or medullary perfusion did not correlate with the degree of stenosis. Conversely, the hemodynamics and function of the stenotic kidney showed a significant linear relationship with the degree of stenosis in RAS. The reason behind the moderate, albeit significant, relationship observed in RAS may be twofold. First, within the range of RBF autoregulation, renal function changes minimally until the stenosis is Ͼ60 -70%. Second, assessment of the degree of stenosis from two-dimensional projection images is know to be associated with inaccuracies. Nevertheless, we observed significant linear relationship between these parameter in RAS. Although these relationships did not differ statistically significantly between RAS and ARAS, their attenuation in ARAS suggests that atherosclerosis itself alters the effects of the stenotic lesion on many of the impairments in renal hemodynamics and function compared with those observed in nonatherosclerotic RAS. Therefore, this study suggests that atherosclerosis modulates the effect of a stenosis in the renal artery on the stenotic kidney.
Some of these outcomes might be attributable to endothelial dysfunction distal to the stenosis, which was only modestly greater in ARAS than RAS. Although RBF response to ACh was similar in ARAS and RAS, only in ARAS the drop in RVR was blunted, and cortical perfusion failed to respond to the endothelium-dependent vasodilator and remained lower than normal. This might be because of a more pronounced decrease in nitric oxide bioavailability in this group compared with RAS. In the stenotic RAS kidney, an increase in oxidative stress secondary to local activation of the renin-angiotensin system and NAD(P)H oxidase might inactivate nitric oxide and impair endothelial function. Atherosclerosis also induces oxidative stress and vascular inflammation, which may exacerbate endothelial dysfunction in ARAS kidneys, and in turn contribute to impairment in renal hemodynamics and functions. In addition to endothelial dysfunction, it is not unlikely that the fixed upstream stenosis interferes with the ability of RBF to increase in response to ACh, although this effect should be similar in both RAS and ARAS, which has a comparable degree of stenosis. Interestingly, despite the attenuated cortical perfusion response in ARAS, overall RBF response to ACh was similar to that in RAS, probably because medullary perfusion showed a slightly greater increase. Importantly, tomographic imaging techniques enabled detection of distinct effects of atherosclerotic renal artery stenosis on renal regional perfusion, which do not necessarily manifest in measures of RBF.
The most prominent effects of atherosclerosis on the stenotic kidney in this study were observed in the tubulointerstitial compartment. One of the earliest manifestations of renal injury, and the closest correlate with renal outcome, is tubular injury (16) . However, few methods can assess in vivo renal tubular function in the intact kidney. We have previously demonstrated using MDCT that, in RAS kidneys, ITC increased, suggesting increased tubular fluid reabsorption secondary to the decrease in renal perfusion pressure. The current study demonstrates that, in RAS, tubular fluid MTT is also prolonged and that the increase in ITC and cortical tubular transit time is related to the severity of the stenosis. Contrarily, in ARAS, the stenosis induced tubular dysfunction, reflected in impaired tubular fluid reabsorption and decreased ITC (1). This study shows that ARAS ITC tends to decrease and tubular transit time was significantly lower than normal and RAS and did not increase with the severity of the stenosis, underscoring the remarkable tubular damage and dysfunction elicited by coexistence of renal hypoperfusion and early atherosclerosis (1) .
In addition, the severity of histopathological injury is an important predictor of renal outcomes in patients with atherosclerotic nephropathy (24) . Notably, the current study extends our previous observations (1, 2) and shows that not only ARAS kidneys have more fibrosis than RAS but renal fibrosis correlated inversely with stenotic kidney hemodynamics and function. Furthermore, kidney volume was significantly smaller in ARAS. Hence, adverse tissue remodeling is likely an important mechanism by which atherosclerosis modulates adaptive responses to RAS.
This study does have some limitations. In the present study, we used relatively young pigs, with short-term preexisting disease and exposure to atherosclerosis and renovascular disease. While the differences between the hemodynamics and function of the ARAS and RAS kidneys after this relatively short duration were subtle, longer duration of ARAS might lead to pathophysiological implications for evolution of kidney injury. Additionally, in contrast to our previous observations (usually employing 6 -7 animals/group), in this study, using a large number of pigs, ACh induced a small increase in GFR, RBF, and intrarenal perfusion in RAS and ARAS. Nevertheless, the lower responses of GFR to ACh in both groups, and the inadequate response of cortical perfusion and RVR in ARAS, imply that endothelial function is impaired in RAS and further exacerbated in ARAS.
In summary, taking advantage of unique imaging methods, the present study demonstrates that atherosclerosis intensifies renal tubular and vascular dysfunction and modulates the impact of RAS on single-kidney hemodynamics and function. This might be mediated by significant aggravation of renal fibrosis and modest accentuation of endothelial dysfunction in the stenotic kidneys. The prominent tubular and subtle vascular and glomerular disturbances that develop independent of the degree of stenosis partly may account for the frequent failure to resolve renal injury by renal revascularization and for the increased propensity for chronic kidney disease observed in patients with ARAS. Additional studies are needed to determine which of these alterations portend the success of renal revascularization. Furthermore, this study supports a role for interventions that aim to directly decrease injury in the kidney distal to the stenosis to ensure renal viability and capacity to recover.
